Introduction
In comparison to other groups of extremophiles, and especially the thermophilic and the alkaliphilic prokaryotes that are extensively used for the production of valuable enzymes, the extremely and moderately halophilic microorganisms are to some extent a neglected group when considering the number of their biotechnological applications. This is even more true when considering the great diversity of halophiles: they are found in all three domains of life, Archaea, Bacteria and Eucarya, and they contain representatives of many different physiological types, adapted to a wide range of salt concentrations up to salt saturation. Earlier reviews that discussed the possible applications of halophiles in biotechnological and environmental processes [1] [2] [3] [4] [5] [6] [7] provided long lists of potential uses that have been and are still being explored. However, the number of applications of halophiles that are currently exploited is very small indeed. The true success stories of halophile biotechnology are the commercial production of β -carotene by strains of the unicellular green alga Dunaliella and the production of ectoine, synthesized by many moderately halophilic bacteria to provide osmotic balance to the cells, and its application as a stabilizing agent for sensitive enzymes and in cosmetic preparations. Many other products synthesized by halophiles or processes performed by them may have potential applications, but these have not yet led to commercially viable operations.
Applications (current and potential) of halophilic microorganisms can be divided into a number of categories:
(1) Centuries-old processes such as the manufacturing of solar salt from seawater and the production of traditional fermented foods. Such processes existed long before the nature of the microorganisms involved became known, and little if anything is done to control these microorganisms to improve the production processes. (2) Utilization of the salt tolerance of halophilic microorganisms and of enzymes produced by them to catalyze processes in high salt environments. (3) Exploitation of the properties of specific compounds produced by certain types of halophiles that enable them to withstand the high salt concentrations in their medium (ectoine, glycerol and others).
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A. Oren (4) Applications of unique compounds made by some halophiles, not directly connected with their life in high salt environments. The prime example is bacteriorhodopsin in the purple membrane of Halobacterium salinarum , which is not essential for its growth, and is stable and active also in the absence of salt. (5) Industrial uses of compounds present in halophiles as well as in many non-halophilic counterparts. Compounds such as β -carotene, poly-β -hydroxyalkanoate, exopolysaccharides, etc. found in some halophiles are also made by many other microorganisms. Sometimes there is a clear advantage to using halophiles for their production (e.g., β -carotene production from Dunaliella ); in most other cases, however, the superiority of the halophiles as producers of such compounds is yet to be proven.
This short paper does not claim to be a comprehensive review of all biotechnological and environmental applications of halophiles, now and in the future. Instead it intends to survey some processes involving halophiles that are already applied and to critically examine a few others that are of special interest and may be exploited in the near future.
Halophilic microorganisms and the production of solar salt Salt making by evaporation of seawater in shallow ponds in coastal areas in the tropics and subtropics is a technology that has existed for thousands of years [8] . When the brine approaches saturation and salt starts crystallizing, the brines become coloured red. Three types of halophilic microorganisms contribute to the colour: extremely halophilic Archaea (family Halobacteriaceae ) that contain 50-carbon carotenoids (bacterioruberin and derivatives) and sometimes also the retinal protein bacteriorhodopsin (see below), the β -carotenerich unicellular green flagellate alga Dunaliella salina and the red halophilic bacterium Salinibacter ruber , which contains a unique C40-carotenoid acyl glycoside. In the less saline ponds where the earlier evaporation stages take place, dense microbial mats develop on the bottom, composed of different types of cyanobacteria and many other kinds of microorganisms.
The importance of these biota for the salt making process started to be recognized in the 1970s. The understanding of the roles that the different types of microbes play in determining the quality and quantity of the salt harvested led to the development of biological management practices for the operation of solar salterns [9] [10] [11] [12] . The planktonic communities of red microorganisms in the crystallizer ponds are generally considered beneficial to the salt production process. The carotenoid pigments absorb light energy, and thereby raise the water temperature, leading to increased evaporation rates. There are even reports showing that the halophilic Archaea may be directly involved in the crystallization of halite. Therefore, oligotrophic ponds that do not support adequate development of red microbial communities are often fertilized. The benthic microbial mats in the earlier evaporation ponds are also to some extent desirable, as they effectively seal off the bottom of the ponds, preventing leakage of brine. However, when grown excessively, the cyanobacteria (especially the unicellular Aphanothece halophytica commonly found in salterns) can produce large amounts of polysaccharide slime, and when this material reaches the crystallizer ponds it results in the formation of poor quality salt [13] .
Overall, the exact link between the biota of the salterns and the quality of the salt produced is still incompletely understood. The size and quality of the salt crystals formed in solar saltern crystallizer ponds worldwide is highly variable. At some sites large solid halite crystals precipitate that are easy to process and yield a high-quality product, while elsewhere crystals are soft, with a high content of entrapped mother liquor, and these are difficult to harvest and to purify. In all cases where the raw material is seawater of nearly identical composition, biological processes in the evaporation and/or crystallizer ponds may well be responsible for the differences. Although it is clear that excessive production of polysaccharide slime by the cyanobacteria may lead to a deterioration of the quality of the salt precipitated in the crystallizers, the nature of the 'missing link' between solar salt quality and saltern pond microbiology is still largely unknown.
Halophiles and fermented foods
Large amounts of salt are used in the preparation of certain types of traditionally fermented foods. Such salty food products are especially popular in the Far-East. Examples are 'jeotgal', a traditional Korean fermented seafood, the Japanese 'fugunoko nukazuke' prepared by fermentation of salted puffer fish ovaries in rice bran, and 'nam-pla', a Thai fish sauce. The latter product is made by adding two parts of fish and one part of marine salts. The mixture is covered with concentrated brine (25-30% NaCl) and left to ferment for about a year.
It is surprising that relatively little is known about the microorganisms present during the preparation of these food products and about the roles they play during the production process. In some cases the salt concentration during the fermentation process is sufficiently high for the development of Archaea of the family Halobacteriaceae . The first halophilic archaeon obtained from Thai fish sauce (nam pla) was an isolate resembling Halobacterium salinarum [14] , and two new species, Halococcus thailandensis and Natrinema gari , were recently isolated [15, 16] . Halalkalicoccus jeotgali is a novel isolate obtained from shrimp jeotgal [17] . Archaeal proteases of halophilic Archaea probably take part in the fermentation process, and the Archaea may also contribute to the aroma of the sauce. Fermentations that involve lower salt concentrations generally give rise to the development of species of Tetragenococcus , Halobacillus , Lentibacillus , Halomonas and other bacterial genera. Although many species of bacteria have been isolated from such fermentations, the involvement of each organism is still far from clear [18] , but also here proteases are probably involved [19] . A recent culture-independent study of the microbial communities involved in the manufacturing of kimchi, a traditional Korean food based on fermented vegetables, showed the presence of a highly diverse community of halophilic Archaea, lactic acid bacteria and other representatives of the domain Bacteria, as well as different yeasts [20] .
Production of β β β β -carotene by Dunaliella
Cultivation of the green algae Dunaliella salina and D. bardawil for the production of β -carotene is the major success story of halophile biotechnology [21-23]. The first pilot plant for mass culture of Dunaliella was set up in the mid-1960s in the Ukraine, and since then commercial Dunaliella growing operations were set up in different countries. The pigment β -carotene is in high demand as an antioxidant, as a source of pro-vitamin A (retinol) and as a food colouring agent. Its antioxidant activities make it popular for use in health food. While β -carotene is present in many algae and higher plants and can also be synthesized chemically, the chemical product differs from that of Dunaliella : the synthetic form is all-trans β -carotene, while the alga produces a high percentage of 9-cis β -carotene. This is a more effective quencher of singlet oxygen and other free radicals than the all-trans form. However, not all authorities are equally convinced that the action of β -carotene in the human diet is always beneficial.
D. salina and D. bardawil produce large amounts of β -carotene when grown under suitable conditions. The pigment is found concentrated in small globules between the thylakoids of the cell's single chloroplast. The main environmental conditions that stimulate accumulation of the pigment are high light intensities, high salinity and nutrient limitation; the slower the cells grow in the presence of high irradiation levels, the more pigment is formed. Some strains may then contain more than 10% of their dry weight as β -carotene. Much information has accumulated on the mode and control of the biosynthesis of carotenoids by the alga [24] . Different technologies are used to grow β -carotenerich Dunaliella biomass in countries including Australia, USA, China and Israel, and these vary from cultivation in large lagoons to intensive growth systems at high cell densities under carefully controlled conditions. In extensive open pond systems no mixing is applied, and the growth conditions are poorly controlled. Intensive cultivation of Dunaliella is a hightechnology operation, in which all parameters are controlled. In 3000 m 2 shallow (20 cm deep) paddlewheel driven raceway ponds an average yield of 200 mg β -carotene per m 2 per day can be obtained [25] . To optimize growth and carotene production, nutrient levels and pH should be carefully controlled. It is often advantageous to operate the system in two stages. First, a large biomass is produced by addition of high nutrient levels. Under these conditions the cells produce only little β -carotene. In the second stage, nitrate limitation is induced to stimulate carotenogenesis [26] . Predatory ciliates sometimes cause losses in such outdoor mass cultures of Dunaliella , and different strategies were developed to minimize the problem. Finally, superintensive cultivation systems in closed bioreactors have also been developed, which enable high cell densities with a high β -carotene content greatly enriched in the 9-cis β -carotene isomer [27, 28] .
To harvest the cells and to further process them for extraction and purification of the β -carotene, different procedures have been devised. In an extensive process, flocculation and surface adsorption are used. Inorganic or organic flocculants such as alum (aluminum sulfate), ferric chloride, ferric sulfate, lime or polysaccharides are employed. In intensive operations centrifuges are generally used to harvest the cells. The pellet material is further purified before marketing. The supernatant water, rich in salts, glycerol and many other compounds, can be recycled following purification by an oxidation pond. In recent years other methods of harvesting were tested on an experimental scale, in which the pigment was extracted from the cells without killing them, so that the cells can be reused for the production of more β -carotene in a new growth cycle. Solvents such as dodecane can be used in such 'microbial milking' protocols [29] [30] [31] . A two-phase growth system has been set up consisting of two volumes of Dunaliella culture in brine and one volume of dodecane. Yields were relatively low, as only about 8% of the pigment reached the dodecane layer [32] .
A transgenic system was developed in which β -carotene is produced in Halomonas elongata that expresses carotene production genes from Pantoea agglomerans ( Enterobacteriaceae ). High yields of β -carotene could thus be obtained in cells growing at 2% salt; at 15% salt only little pigment was produced [33] .
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Ectoine -a multi-purpose osmotic solute Most halophilic and halotolerant microorganisms produce or accumulate small organic compounds intracellularly to provide osmotic balance with their hypersaline environment. Thus, these organisms can exclude salt from their cytoplasm, abolishing the need to adapt their proteins to the presence of high salt concentrations. A great variety of such osmotic, 'compatible' solutes have been identified in the microbial world. Among the best known are glycine betaine, simple sugars such as sucrose and trehalose, and different amino acid derivatives. Some of these osmotic solutes have found applications in biotechnology [34] .
One of the most common osmotic solutes in the domain Bacteria is ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid). It was first discovered in the haloalkaliphilic photosynthetic sulfur bacterium Ectothiorhodospira halochloris , but later a great variety of halophilic and halotolerant bacteria were found to produce this compound, often together with its 5-hydroxy derivative. Ectoine can protect many unstable enzymes and also nucleic acids against the detrimental action of high salinity, thermal denaturation, desiccation and freezing, thereby increasing shelf life and activity of enzyme preparations [35] [36] [37] [38] . For example, ectoine inhibits spontaneous conversion of trypsinogen to trypsin and of trypsin-catalyzed conversion of chymotrypsinogen to chymotrypsin, and it also stabilizes the activity of trypsin and chymotrypsin [38] . Such compatible solutes are sometimes termed 'molecular chaperones'. Their mode of action is still far from being completely understood.
In recent years additional properties of interest were found for ectoine. It is claimed that it counteracts effects of ultraviolet UV-A-induced and accelerated skin ageing, and therefore the cosmetics industry started to add ectoine to dermatological cosmetic preparations as moisturizers in cosmetics for the care of aged, dry or irritated skin [39] . The compound stimulates the immune system of the Langerhans cells and the formation of heat shock proteins, and reduces the formation of 'sunburn cells' in the skin following UV radiation [40, 41] . Ectoine also inhibits aggregation and neurotoxicity of Alzheimer's β -amyloid [42] , and recently a clinical trial was initiated to test its efficacy in inhalations against bronchial asthma [43] .
Ectoine is commercially produced by extracting the compound from halophilic bacteria. Industrial processes for mass production of ectoine and hydroxyectoine were developed using Halomonas elongata and Marinococcus M52, respectively. The procedure is based on 'bacterial milking' [44, 45] : the bacteria are grown to a high cell density in a high salt medium, so that they accumulate massive amounts of ectoine intracellularly.
Then an osmotic down-shock is applied. The bacteria react by secreting most of the ectoine to the surrounding medium, from which the compound can be collected by crossflow filtration techniques and purified. Salt is then added to the bacteria, and these readapt to the high salinity by producing more ectoine, so that the 'milking' procedure can be repeated. Another possible strategy for ectoine production is the use of 'leaky' mutants that do not efficiently retain the compatible solutes inside the cell, so that the compound can be continuously harvested from the medium. It is also possible to express the genes for ectoine production in Escherichia coli or in other non-halophilic bacteria and to use such recombinant bacteria as a source for the compound. An E. coli strain harbouring the ectoine production genes from Marinococcus halophilus , and which expresses aspartate kinase from Corynebacterium glutamicum , ensuring a steady supply of precursor molecules, showed excellent production of ectoine by cells growing at 3-5% salt [46] . A transgenic E. coli with the ectoine operon of Chromohalobacter salexigens expressed under control of the tet promoter excreted ectoine, which accumulated in the medium at concentrations up to 6 g l − 1 [47]. Attempts were also made to increase the salt tolerance of plants by expression of the genes for ectoine production. Tobacco plants transformed with the ectoine genes of Halomonas elongata using an Agrobacterium -mediated gene delivery system showed improved root function and photosynthesis at increased salinity [48] .
Glycerol production by Dunaliella Another compatible solute of interest is glycerol [34].
Glycerol is produced by the alga Dunaliella . Cells grown in near-saturated NaCl solutions may contain over 6-7 M intracellular glycerol. Mass cultivation of Dunaliella for commercial production of glycerol has been attempted in the past and processes for the industrial extraction and purification were tested [49] . However, because of the low price of glycerol produced by other methods (as a by-product of the manufacturing of animal and vegetable oils), and because of the high cost of the harvesting of the cells, no commercially feasible process was developed; this in contrast to the above-described production of β -carotene, which is a much more expensive product.
Bacteriorhodopsin, a photochemical material for bioelectronics and other applications
Bacteriorhodopsin is a 25-kDa protein that carries a retinal group bound by means of a Schiff-base to lysine-216. Its function was discovered in the early 1970s during studies of the purple membrane, patches of membrane that contain only bacteriorhodopsin and lipids, found within the cell membrane of Halobacterium salinarum . It serves as a light-driven proton pump. Upon excitation by light of a suitable wavelength (maximum absorption at 570 nm in the ground state (the B state)), a complex photocycle is initiated in which the Schiff base is deprotonated and reprotonated and the retinal changes from its all-trans conformation to the 13-cis form and back. Each of the intermediates has its characteristic absorption spectrum. Thus, the M intermediate (13-cis , deprotonated) is yellow, with a maximum absorbance at 412 nm. The protonation/ deprotonation reactions are so arranged that the proton is taken up from the cytoplasmic side and released to the outside of the cell, so that light absorption results in the generation of a proton gradient that can be used for adenosine triphosphate (ATP) generation.
Bacteriorhodopsin is a highly unusual protein within the proteome of Halobacterium . Nearly all its proteins require high salt concentrations for structural stability and activity. Bacteriorhodopsin, however, is stable in the absence of salts, retains its photochemical properties over long periods, functions between 0 and 45 ° C in the pH range 1-11 and tolerates temperatures of over 80 ° C in water and up to 140 ° C when dry. It is stable to exposure to sunlight for years, and it resists digestion by most proteases. Furthermore, it can easily be immobilized on glass plates or embedded in polymers [50] .
Bacteriorhodopsin is commercially manufactured in the form of purple membrane patches prepared from Halobacterium salinarum . Genetically altered protein is available as well (see below).
Although the first patents relating to potential biotechnological applications of bacteriorhodopsin were issued soon after the discovery of the function of the molecule, and hundreds of patents now exist that describe different possible uses of the molecule, no true commercial applications yet exist to our knowledge. There are, however, plenty of ideas for such applications [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] , and these may well lead to biotechnological uses in the near future.
Some of these potential uses are based on the conversion of light energy into chemical energy, possible applications being ATP generation, conversion of sunlight into electricity and desalination of seawater. Others exploit the properties of its photocycle, especially the conversion of the B state (absorbance maximum 570 nm) to the M state (420 nm) and vice versa . Whether one or more of these ideas, or possibly others, for the use of bacteriorhodopsin will in the future lead to the development of commercial applications remains to be seen.
Treatment of saline wastewaters using halophilic microorganisms
Some industrial processes generate highly saline wastewater. One such process is the above-discussed production of β-carotene from Dunaliella. After collection of the cells by centrifugation, hypersaline wastewater remains, rich in organic material, including a high concentration of glycerol. Other industries that have to cope with high salt wastewaters are pickling plants and tanneries. Wastewater brines are also produced during oil and gas recovery processes. Several processes have been proposed for the biological treatment of such wastewaters to remove organic carbon and toxic compounds. In several Dunaliella growth facilities the wastewater is treated in oxidation ponds and recycled, and optimization studies have been made [61] .
For the biological treatment of industrial wastewaters with salt concentrations up to 10%, such as the brines generated by the pickling industry, aerobic treatment systems have been developed based on aerated percolators or rotating discs to improve aeration and mixing [62-73]. Most systems described below exist as laboratory-scale models only. Such simulations generally have shown satisfactory results at salt concentrations up to around 6%, but at higher salinities the systems performed less well. In some studies a culture of Halobacterium salinarum was added to improve degradation [62, 65] ; whether this organism did indeed A. Oren contribute to the performance of the system is to be doubted as Halobacterium requires at least 15% salt for growth and lyses at lower concentrations. Bacteria such as Halomonas spp. and Bacillus spp. are more likely to be active in such processes [72, 73] . Sequencing batch reactors have been proposed for the purification of tannery soak liquor and similar saline wastewaters with up to 6% salt [68] [69] [70] .
Anaerobic biodegradation processes have also been proposed for the treatment of saline and hypersaline wastewater. To remove nitrate from brines, a membrane bioreactor was constructed based on denitrification by the archaeon Haloferax denitrificans [74] , and use of Haloferax mediterranei has been proposed for bioremediation of nitrate and nitrite in saline groundwater in coastal areas [75] . Anaerobic reactors based on fermentation and methanogenesis have also been developed for chemical wastewaters with up to 10% salt [76, 77] . The halophilic fermentative bacterium Halanaerobium lacusrosei was successfully used in an anaerobic packed bed reactor operating at salt concentrations up to 10% [78, 79] .
Enzymes from halophilic microorganisms
In comparison to the extensive use of 'extremozymes' from thermophilic and alkaliphilic Bacteria and Archaea, very few halophilic enzymes have thus far found applications in industry and biotechnology. In part, this is due to the limited demand for salt-tolerant enzymes in current manufacturing or related processes [80] .
Many enzymatic activities of halophilic Archaea have been characterized, including enzymes of potential applicative interest, such as amylases, proteases and nucleases. Many halophilic enzymes also function at elevated temperatures. However, no commercial applications have yet been developed for such enzymes. Still, some archaeal enzymes are of potential interest, such as the amylase of Haloarcula sp. that functions optimally at 4.3 M salt at 50°C, and is stable in benzene, toluene and chloroform [81] .
Halophilic Bacteria are metabolically more versatile than the Archaea, and their enzymatic activities are more diverse. Moreover, most haloarchaeal enzymes require at least 10-15% salt both for stability and activity, while bacterial enzymes generally do not show such a strict salt requirement. Extensive research has therefore been done on the properties of the enzymes from halophilic and halotolerant Bacteria and their possible applications [82] . An example from the recent literature is the extracellular lipase from a moderately halophilic Salinivibrio sp., active at 50°C [83] . One of the few halophilic enzymes that have been applied in industrial processes is the nuclease H of 'Micrococcus varians subsp. halophilus', used in the commercial production of flavoring agent 5′-guanylic acid (5′-GMP). This enzyme degrades RNA at 60°C and 12% salt [84] .
Poly-β β β β-hydroxyalkanoate production by halophilic bacteria Poly-β-hydroxyalkanoate (PHA), a polymer containing β-hydroxybutyrate and β-hydroxyvalerate units, is accumulated by many prokaryotes, Bacteria as well as Archaea, as a storage polymer. It is used for the production of biodegradable plastics ('biological polyesters') with properties resembling that of polypropylene. The technology for the manufacture of poly-β-hydroxyalkanoate-derived plastics (Biopol ® ) was developed by ICI in the UK, using polymer produced by Cupravidus necator (formerly named Wautersia eutropha, Ralstonia eutropha and Alcaligenes eutrophus).
Some halophilic Archaea and Bacteria also produce PHA. The archaeon Haloferax mediterranei can accumulate the compound to up to 38% of its dry weight, the highest concentrations being measured in cells grown at 150 g l −1 salt under phosphate limitation. Such an archaeal producer of the compound may have distinct advantages. H. mediterranei grows in simple media with sugars or starch as cheap carbon sources. Growth is rapid, and at the high salt concentration of the medium there is little danger of contamination. Moreover, the cells lyse in the absence of salt, releasing the polymer, so that downstream processing and purification of the product should be relatively simple [85] [86] [87] [88] .
Another halophilic candidate for PHA production is Halomonas boliviensis (Gammaproteobacteria) [89, 90] . It can accumulate the compound to up to 88% of its dry weight. Acetate, butyrate or sucrose can be used as carbon sources.
In spite of the obvious potential that Haloferax and Halomonas spp. may have as industrial producers of PHA, no attempts have yet been made to use these organisms for the commercial production of biologically degradable plastics.
Exopolysaccharides from halophiles
Bacterial extracellular polysaccharides have found different applications as gelling agents and emulsifiers, and they are also used in microbially enhanced oil recovery. Several halophilic microorganisms produce such exopolysaccharides in copious amounts, and therefore their commercial exploitation has been considered.
The archaeon Haloferax mediterranei, mentioned above as a potential producer of PHA, also excretes large amounts of anionic exopolysaccharides. The sulfated acidic heteropolysaccharide of Haloferax species has a high viscosity at low concentrations, its rheological properties are excellent and it is resistant to extremes of pH and temperature. It was therefore proposed to explore its use to enhance oil recovery from low productivity oil wells. In addition, the archaeal membrane lipids may act as surfactants, improving the oil carrying properties of the water. The idea has not yet led to the commercial exploitation of the archaeal exopolysaccharides.
Among the halophilic representatives of the Bacteria, the Halomonas species (H. maura, H. eurihalina) shows considerable promise as a producer of large amounts of an extracellular polyanionic polysaccharide, a potent emulsifying agent that exhibits a pseudoplastic behaviour [91] . The H. maura exopolysaccharide ('mauran') has also been shown to be an immunomodulator [92] [93] [94] .
Aphanothece halophytica, a halophilic unicellular cyanobacterium found in the benthic cyanobacterial mats of solar salterns and in many other hypersaline lakes, is also known for its massive synthesis of polysaccharides. In solar salterns excessive polysaccharide production can have a negative impact on the salt production process, as explained above. However, a recent report on the immunomodulating properties of the sulfated polysaccharide of A. halophytica is of special interest: when administered orally in mice, it significantly inhibited pneumonia induced by influenza virus H1N1 [95] .
Biofuels from halophiles
In times in which fossil fuels are getting depleted and the world is searching for alternative sources of energy, biofuel is a fashionable alternative. Although halophilic microorganisms may not be the most obvious source from which such fuels may be commercially produced, they still may be of interest.
The halophilic alga Dunaliella, discussed above as a commercial source of β-carotene and as a potential source of glycerol production, may also be considered as the raw material for biofuel production. Catalytic pyrolysis of Dunaliella cell material at 200-240°C produces an oil-like substance soluble in benzene. The overall process proved to be exothermic, so that most of the thermal energy needed to initiate the reaction may be regained. Up to 75% of the cell material in an algaeseawater slurry could be converted to extractable oil [96] [97] [98] .
Dunaliella is easy to grow, and salt water and sunlight are widely available. However, the harvesting of the microalgae is an expensive process, and the question is therefore whether the amount of biofuel produced will offset the cost of production and harvesting of the biomass and its processing by pyrolysis to generate oil.
Final comments
The above survey shows that thus far the halophilic microorganisms have found relatively few commercially viable applications. With the exception of β-carotene production by Dunaliella and ectoine synthesis using Halomonas and other moderately halophilic Bacteria, most other potential applications suggested are no more than ideas only, waiting to be exploited. The list of possible applications presented in the sections above is by no means exhaustive and additional ideas have been presented in the literature, such as, for example, production of liposomes for the cosmetics industry and exploitation of Halobacterium gas vesicles in biotechnological processes. Many patents have been issued for these and other applications, but the ideas are still to be implemented in commercial ventures.
With all the advantages listed for the use of halophiles in industrial processes, there are disadvantages as well. For mass cultivation of aerobic bacteria, the low solubility of gases in concentrated brines may severely limit oxygen supply to the cultures. Also the aggressive nature of the salts should be taken into account during the construction of reactors with metal parts exposed to the medium. It is possible to build corrosion-resistant bioreactors suitable for high salt media, but their cost is significantly higher than that of conventional fermenters.
The tremendous diversity of halophilic microorganisms found in nature is still far from being fully exploited. Approaches derived from genomics and proteomics have opened new possibilities, and genetic systems are now also available for a number of halophiles. Therefore, it may be expected that novel applications will be developed in the future for the highly diverse and versatile world of halophilic microorganisms.
